Zirconia-cluster/saponite composites were prepared and evaluated as solid acid catalysts. The saponite layer was destructed in the composite through the dissolution of Al ion. The amount of zirconia-cluster in the composites was positively correlated with the Al amount, suggesting that zirconia-cluster inhibits the Al dissolution. Both the amounts of Brønsted and Lewis acids were increased by combining zirconia-cluster to saponite. Results show that Lewis acid on the saponite surface plays an important role on the entire catalytic activity on isomerization of 1-butene. The zirconia-cluster/saponite catalysts provided higher activity with a longer lifetime on this reaction than a commercial montmorillonite-based catalyst.
Introduction
Clay minerals of the smectite group, 1) such as montmorillonite or saponite, are 2:1 layer silicates comprising an octahedral sheet between two tetrahedral sheets. Montmorillonite contains both Al and Mg in the octahedral sheet between two tetrahedral silica sheets; saponite comprises the octahedral sheet of Mg ion and two tetrahedral sheets containing Si and Al. These materials, which are commonly used as starting materials of solid acid catalysts, provide strong acid points by acid treatment. They are applied as catalysts for various chemical engineering reactions. 2) Especially, K10 is one kind of montmorillonite-based catalysts and is prepared by acid treatment of natural montmorillonite using sulfuric acid. K10 is widely used for various organic syntheses such as alkoxy-alhylation, 3) acylation, 4) oxidation, 5) and hydrogenation. 6) On the other hand, its characteristic pore structure is well known to be obtainable by intercalating cluster ions 7) , 8) or sol particles 9)11) into the interlayer of clay minerals and subsequent heat treatment. These materials are commonly designated as pillared clays (PILCs). 12) Recently, SiO 2 TiO 2 /montmorillonite composite was prepared using this technique, revealing that these materials possessed not only micropores but also mesopores, with 24 times of acid amount of K10. 13) Although K10 is used as a catalyst in industry, catalysts with higher acid amounts and larger mesopore volumes are still demanded for higher activity and longer lifetimes. For this study, a zirconia-cluster [Zr 4 (OH) 8 (H 2 O) 16 ] 8+ 14), 15) was hybridized to commercial saponite with change of their ratio and process conditions. Subsequently, the characterization of the zirconiacluster/saponite composite was conducted using various methods.
Experimental 2.1 Sample preparation
At the beginning of this investigation, preliminary experiments for sample preparation were performed by changing the pH values. Results revealed that a large acid amount was not obtained unless done in an acidic condition. Therefore, suitable experimental condition was determined for sample preparation.
Reagent grade zirconium oxychloride (ZrOCl 2 ·8H 2 O; Wako Pure Chemical Industries Ltd., Tokyo, Japan) was dissolved into distilled water (133 mL), with added HCl to the solution to fix its pH = 0.6. Commercial saponite (Smecton SA, Kunimine Industries, Co. Ltd., Tokyo, Japan) was dispersed into distilled water [saponite:water = 1(g):99(g)] and stirred for 24 h. This suspension was mixed with the ZrOCl 2 solution by the corresponding concentration ratio of ZrO 2 (mmol)/saponite(1 g) = 0.1, 1, and 8. Hereinafter, these samples are denoted respectively as ZS0.1, ZS1, and ZS8. The mixed suspension was sonicated for 20 min and aged with stirring either at room temperature or 80°C for 24 h. This difference of the treatment conditions was described in the bracket following the sample name such as ZS1(RT) or ZS1(80°C) in this study. Then, the sample was centrifuged and dried at 80°C for 24 h and sample powders were obtained. For comparison, a commercial water-based ZrO 2 -sol (NanoUse ZR-30AL; Nissan Chemical Industries Ltd., Tokyo, Japan) was diluted to 1 mass %; its pH was set to 0.6 by HCl. Then, ZrO 2 -sol powder was prepared from this sol using the same stirring, separation, and drying procedure as those of zirconia-cluster/ saponite composite.
Evaluation
The crystalline phase of the powder was evaluated using X-ray diffraction meter (XRD-6100; Shimadzu Corp., Tokyo, Japan).
The chemical composition of the materials was evaluated using Xray fluorescence analysis (XRF, RIX2000; Rigaku Corp., Tokyo, Japan). The microstructure and distribution of elements were evaluated using a scanning transmission electron microscope with energy dispersive X-ray spectroscopy (HD-2700; Hitachi Ltd., Tokyo, Japan). The specific surface area and pore size distribution were evaluated using BET method with N 2 (Autosorb-1; Quantachrome Instruments, Boynton Beach, FL, USA).
The acid type on the surface of the obtained sample was evaluated using pyridine adsorption. 16) The sample powder (50 mg) was heated at 350°C under vacuum for 3 h. After adding pyridine (0.1 mL) to this sample at room temperature, heating was conducted at 120°C under vacuum for 1 h. Then the infrared spectra of the powder were recorded using a Fourier transform infrared spectrophotometer (FT-IR, 8600PC; Shimadzu Corp., Kyoto, Japan).
The surface acid concentration was evaluated using temperature programmed desorption (TPD) with NH 3 (Multi-tasc TPD; BEL Japan Inc., Osaka, Japan). After pretreatment to remove adsorbed water, NH 3 adsorption was performed at 100°C. Then the temperature was increased by the rate of 10 K/min. The amount of desorbed NH 3 during this process was evaluated. In this evaluation, the K10 acid amount was set as 85¯mol/g for calibration of TPD measurement.
In this study, catalytic activity of samples was evaluated by isomerization of 1-butene. 17) Figure 1 shows a schematic illustration of reaction equipment. Powder samples (200 mg) were set to the cell by silica wool. The reaction part was heated either to 100 or 300°C, and reaction gaseous mixture was flown into the equipment (He, 15 mL/min; 1-butene, 5 mL/min). The reacted gas was extracted every 30 min, and the concentrations of 1-butene, t-2-butene and c-2-butene were evaluated using gas chromatography (GC-14A; Shimadzu Corp., Tokyo, Japan) with a capillary column (CP-Silica PLOT; Varian Inc.). The conversion rate was calculated using the following equation:
3. Results and discussion 3.1 Characterization of powder composites Figure 2 shows XRD patterns of sample powders. Crystallinity of saponite was decreased by the hybridization of zirconia-cluster. When aging was conducted at 80°C [ZS1(80°C)], the sample was almost amorphous. This result corresponds to those of an earlier report. 18) Figure 3 shows a bright-field image by STEM, and its dark-field Zr mapping image on ZS1(RT). Although the major part was amorphous, the crystalline phase remains as small restricted areas. The zirconia-clusters are considered to be distributed in the matrix as 23 nm domain. This size was almost equivalent to that of a few clusters, as anticipated from their structure. Figure 4 shows the pore size distribution estimated by BJH method 19) using N 2 adsorption curve. All adsorption isotherms of powders exhibited IUPAC-IV type behavior with micropores and mesopores. The pore size mode was almost identical to the size of zirconia-cluster, suggesting that zirconia-clusters exist mainly in the clay interlayers. Table 1 presents the specific surface area from N 2 adsorption and chemical compositions of powders from XRF. In this table, the corresponding concentration ratio of ZrO 2 (mmol)/saponite(g) was described as Z/S, and Al(mmol)/saponite(g) was described as Al/S. Surface areas of powders were 400500 m 2 /g. When aging was conducted at room temperature, the Z/S value increased concomitantly with increasing initial mixing ratio. However, a small difference was found between ZS1(RT) and ZS8(RT) suggesting that the zirconia-cluster concentration was nearly saturated. This value increased when aging was conducted at 80°C.
During aging, the aluminum concentration decreased by selective leaching under an acid process condition. However, the Al/S value increased gradually with increasing initial zirconia-cluster concentration for the samples prepared at room temperature. Figure 5 shows EDS mapping of Mg, Al, and Zr of ZS1(RT). The density of Mg at the edge of the grain was low, probably because of the leaching in acid, but this trend is not so remarkable for Al. These results suggest that Al leaching was suppressed with increasing zirconia-cluster concentration. However, when aging was conducted at 80°C, the Al/S value decreased remarkably, suggesting that the Al dissolution was enhanced by heating. Table 1 presents also the acid amount obtained by TPD. Although the acid amount depends on the zirconia-cluster concentration, its dependence was not simple. Both ZS1(RT) and ZS1(80°C) possessed almost equivalent high acid amounts. Figure 6 shows practical TPD spectra of these two samples. Tailing to higher temperature, namely the increase of strong acid point ratio, is observable for ZS1(RT), although the intensity of mode temperature (250°C) is lower than ZS1(80°C). A similar trend was obtained also for ZS8 samples. This result implies that the acid quality was different between RT and 80°C samples, despite the same acid amount. Figure 7 presents results of FTIR spectra for pyridine adsorption. The peak for Brønsted acid around 1550 cm ¹1 appeared only for the composite powders, suggesting that hybridization with zirconia-cluster is required for the generation of B-acid. The generated amount of B-acid was almost same as K10. Acid-treated ZrO 2 possesses Lewis acidity. The peak for Lewis acid around 1440 cm ¹1 also increased through hybrid- ization with the zirconia-cluster. However, ZS1(80°C) exhibited lower peak intensity than ZS8(RT) despite its higher Z/S value (see Table 1 ). On the other hand, the B-acid peak of the composite powder shows higher wavenumber than that of the acid-treated ZrO 2 . This is shown that the bond strength of pyridine for Lewis acid is enhanced because the electron attraction of the zirconia cluster is higher that that of the proton on the surface of silicate layer. These results imply that Lewis acidity is determined not only as a Z/S value but also other factors. Results of EDS mapping suggest that the zirconia-cluster suppressed leaching of Al at room temperature. Therefore, it is inferred that positively charged zirconia-clusters coordinate to negatively charged site in the layer of saponite in the vicinity of Al. This remaining aluminum might contribute to Lewis acidity. Therefore, the Al/S value will also be an important factor. Awate et al. also reported that pillaring is an important factor for the generation of Lewis acidity using clay minerals. 20) On the other hand, Brønsted acid point will be provided by either H + coordination or Al removal and resultant silanol group presented in Fig. 8 . These are merely plausible explanations. Increasing amount of acid for the saponite was larger than that for the montmorillonite. This is thought to be a dissolution of Al from the silicate layer of saponite, as shown in Fig. 8 . On the contrary, a stacking structure of silicate layer disordered but silicate layer maintained for montmorillonite, as reported. 21) Further detailed investigation is required for the understanding of practical Brønsted and Lewis acid points in these composite materials. Figure 9 presents the isomerization activity of 1-butene for sample powders at 100°C. Clear activity difference was obtained between ZS1(RT) and ZS1(80°C) despite the similar acid amount. This difference is accountable for the difference of acid quality. Because 1-butene possesses a double bond in its molecule, its ³-electron has a good affinity with Lewis acid. 22) When the 1-butene molecule was adsorbed to the Lewis acid point, Brønsted acid near the Lewis acid point can react with the molecule and convert it into t-2-butene and c-2-butene. Based on this result, it was considered that both Brønsted acid and Lewis acid in the catalyst surface is a necessary factor for isomerization activity of 1-butene. Figure 10 portrays isomerization activity of 1-butene for sample powders at 300°C. Although the initial conversion rate of K10 exceeded 75%, this value decreased gradually with increasing reaction time, suggesting deactivation. After 150 min, the rate for K10 decreased to less than 70%. Starting materials, acidtreated ZrO 2 , and raw saponite possessed almost no conversion activity. However, the composite powder samples obtained in this study exhibited a higher conversion rate (around 82%) at this temperature with little or no deactivation for 150 min. It is noteworthy that the maximum conversion rate of 1-butene at this temperature expected from chemical equilibrium is around 82%. 23) Consequently, this conversion rate is 100% against theoretical conversion activity. These high activity and long lifetime will probably be obtained by a large acid amount, existence of both Brønsted and Lewis acids, large surface area, and the introduction of a certain amount of mesopores. Investigation of the contribution ratio of these factors will be addressed in future work.
Acidity and catalytic activity

Conclusion
For this study, zirconia-cluster/saponite composites were prepared and evaluated its microstructure, solid acidity, and catalytic activity. Saponite became almost amorphous through processing. The addition of zirconia-cluster suppressed leaching of Al during sample preparation in an acidic condition. The acid amount of this composite was five times that of K10. The Lewis acid point appears on zirconia-cluster and zirconia-cluster/ saponite interfaces. Existence of both Brønsted acid and Lewis acid in the catalyst surface is a necessary factor for isomerization activity of 1-butene. The composite exhibited high conversion activity and long lifetime against isomerization of 1-butene at 300°C.
